Mutations in the gene encoding the purine biosynthetic enzyme hypoxanthine -guanine phosphoribosyltransferase (HPRT) cause the intractable neurodevelopmental Lesch -Nyhan disease (LND) associated with aberrant development of brain dopamine pathways. In the current study, we have identified an increased expression of the microRNA miR181a in HPRT-deficient human dopaminergic SH-SY5Y neuroblastoma cells. Among the genes potentially regulated by miR181a are several known to be required for neural development, including Engrailed1 (En1), Engrailed2 (En2), Lmx1a and Brn2. We demonstrate that these genes are down-regulated in HPRT-deficient SH-SY5Y cells and that over-expression of miR181a significantly reduces endogenous expression of these genes and inhibits translation of luciferase plasmids bearing the En1/2 or Lmx1a 3
INTRODUCTION
The housekeeping enzyme hypoxanthine -guanine phosphoribosyltransferase (HPRT) catalyzes a key step in the salvage of the purine bases hypoxanthine and guanine in the purine biosynthetic pathways of mammalian cells. Complete HPRT deficiency in humans causes the devastating and intractable Lesch -Nyhan disease (LND) characterized by hyperuricemia, dystonia and the hallmark aberrant neurobehavioral effect of self-mutilation (1 -5) . The HPRT gene is generally thought of as a 'housekeeping' gene and is expressed constitutively in most tissues, apparently without a high degree of developmental regulation. The abnormal neurological CNS phenotype of LND largely reflects aberrant basal ganglia function, including dopamine depletion and defective dopamine (DA) uptake (6, 7) . Unlike Parkinson disease, which also is associated with basal ganglia dopamine deficiency, the dopamine deficit in LND does not result from a major degree of DA neuronal degeneration since such cells are present in relatively normal numbers and have a relatively normal distribution in both human patients and the HPRT-knockout mouse (8, 9) . However, we have only a very incomplete understanding of the mechanisms by which the purine defects produce the neurological phenotype. Initial clues to the identity of genes aberrantly expressed in HPRT deficiency came from early gene expression studies in HPRT-deficient LND fibroblasts and in the striatum of HPRT-knockout mice (10) , but those studies did not define responsible pathways for neural dysfunction.
More informative results were provided by recent studies demonstrating that HPRT deficiency and other kinds of purine metabolic derangement lead to dysregulated expression of transcription factors necessary for the development of dopaminergic neurons in mouse MN9D dopaminergic and human NT2 embryonic carcinoma cells undergoing differentiation in culture (11 -13) . In addition, a recent report identified transcriptional aberrations in HPRT-deficient human neural stem cells (14) . We have also recently demonstrated that HPRT deficiency leads to dysregulation of key signaling pathways vital for early embryogenesis and neural development, such as Wnt-1 and presenilin (15) . Even though these studies have identified some possible mechanisms responsible for neural aberrations in HPRT deficiency, a more thorough understanding of the neural dysfunction in HPRT deficiency will require a more detailed characterization of the complex interactions among other genetic networks involved in developmental gene regulation.
Toward that goal, we set out to determine whether dysregulated microRNA-mediated control mechanisms are responsible for aberrant expression of transcription factors necessary for dopaminergic (DA) neuron development. The expression and function of regulatory microRNAs has been extensively reviewed (16) (17) (18) (19) (20) . MicroRNAs bind to sequences in the 3 ′ UTR of many genes and regulate their expression largely by interfering with translation or (and) by initiating mRNA degradation. Many hundreds of microRNAs have been identified in mammalian systems (21 -24) and because thousands of genes are known to contain exact or potential miRNA binding sites within their 3 ′ UTR regions, a given miRNA can potentially regulate many, even hundreds of genes. This regulatory mechanism confers the enormous regulatory advantages by allowing coordinate regulation of multiple genes (25, 26) . The potentially pleiotropic effects of dysregulated miRNA expression may be particularly troublesome in the CNS in which genetic and cellular regulatory mechanisms are likely to be much more complicated and interdependent than in other organs. Indeed, aberrant miRNA expression has been reported in several CNS diseases, including schizophrenia, Alzheimer' disease and autism-related disorders (27) (28) (29) (30) (31) (32) .
In the current study, we have examined the microRNA expression profile in HPRT-deficient fibroblasts derived from patients with LND and HPRT-knockdown SH-SY5Y human neuroblastoma cells and we report that HPRT deficiency in these cells leads to dysregulation of miRNA-181a. We also provide evidence that abnormal expression of miR181a causes downstream abnormalities in the expression of multiple genes responsible for dopamine neuron development and differentiation. We postulate that dysregulation of miR181a may be responsible at least partly for the abnormal brain development in HPRT deficiency.
RESULTS

MicroRNA expression
In an initial preliminary study, we used miRNA array analysis (see Materials and Methods) to characterize miRNA expression in a single culture of primary classical LND fibroblasts compared with a normal HPRT+ human fibroblast culture [human dermal fibroblast (HDF), ScienCell Research Laboratories, Carlsbad, CA, USA]. Results from that preliminary examination (Table 1) identified several miRNAs that suggested altered expression of .1.5-fold (P , 0.05) in the LND cells compared with that of the normal control fibroblast culture, including mir-138-1 * , miR181a, miR-601 and miR-765. Analysis by DAVID (database annotation visualization of integrated discovery) of the gene ontology (GO) terms of the potential target genes for those four miRNAs revealed that miR181a demonstrated the lowest P-value (4.1E 2 03 Benjamini corrected) for the 'neuro-related' GO term (0048666). Using the combined microRNAs target gene databases generated by TargetCombo and TargetScan analysis methods (http://www.diana.pcbi.upen.edu/cgi-bin/TargetCom bo.cgi; TargetScan.org), we identified approximately 1171 genes that contain 3 ′ UTR potential miR181a-binding sites and that therefore constitute potential targets for miR181a regulation. Analysis by DAVID of those 1171 genes generated 364 gene clusters containing GO term categories (30, 31) having similar biological significance. Supplementary Material, Table S2 indicates 47 genes that represent the cluster related to neurological processes with the GO term 'neuron development' (GO; 0048666). Of particular interest is the fact that potential target genes of miR181a include key transcription factors Lmx1a, En1, En2 and Pou3f2 (Brn2) that are known to be vital for the development of the dopaminergic neurons and dopaminergic pathways. Because our previous studies indicated dysregulated expression of these genes in differentiating MN9D neuroblastoma (12) and NT2 teratocarcinoma cells (11) and because of the potential for a regulatory Duplicate arrays were applied to each sample using an array platform containing three sub-array replicates (n ¼ 6 for each patient). Each sub-array contained 1073 microRNA probes along with small nuclear RNA, mismatch and dye controls (see Materials and Methods). Target genes and clusters for the four microRNAs miR-138-1 * , miR-181a, miR-601 and miR-765 were generated by TargetScan and DAVID.
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Human Molecular Genetics, 2012, Vol. 21, No. 3 role of miR181a for these genes, we selected miR181a for further analysis of HPRT-deficient human cells.
HPRT knockdown in SH-SY5Y cells
To avoid the expected variability of miR181a expression in different human LND fibroblast samples and to focus more on a cell type more likely to be directly informative of functions relevant to neurogenesis and to brain development than a dermal fibroblast, we examined miR181a expression in normal and HPRT-knockdown derivatives of human SH-SY5Y cells, a model system used for studies of neurogenesis and differentiation (33) . For HPRT knockdown, we used a retrovirus (retrosh2hprt) that expresses a short hairpin targeted to HPRT that we have shown in previous studies to produce a highly efficient reduction of HPRT expression in human fibroblasts (15) . In that study, we reported that knockdown of HPRT with a retrovirus vector results in a reduction of 90% in the transcription of HPRT compared with transduction with an identically designed knockdown retrovirus vector targeted to luciferase (retroshlux). Figure 1A demonstrates that knockdown with the same vectors in SH-SY5Y neuroblastoma cells results in an almost complete (.98%) loss of HPRT gene expression (Fig. 1A) . Other studies demonstrated that the knockdown cells also showed a marked but less complete reduction of HPRT expression by western immunoblot analysis (Supplementary Material, Fig. S1 ). In our earlier study, we demonstrated a similar phenomenon of a greater degree of transcriptional down-regulation than reduced HPRT protein levels in HPRT-knockdown cells (15) . miR181a over-expression in HPRT-deficient SH-SY5Y cells Figure 1B illustrates the change in the expression of miR181a in SH-SY5Y cells in which HPRT had been transduced with the retrovirus short hairpin RNA (shRNA) vector targeted to HPRT (retrosh2hprt) compared with those infected with the control anti-luciferase vector retroshlux. The .98% knockdown of HPRT gene expression in SH-SY5Y cells determined by quantitative PCR (qPCR) methods resulted in an 3-fold over-expression of miR181a (P , 0.05, t-test) (Fig. 1B) .
Down-regulated expression of potential miR181a target genes in HPRT-knockdown SH-SY5Y cells
To characterize the effect of HPRT deficiency on expression of the potential miR181a targets genes En1, En2, Lmx1a and Brn2 in SH-SY5Y cells, we performed qPCR and western blot analysis of their expression in parent and HPRT-knockdown cells (Fig. 2) . Figure 2A indicates that expression of all four of these genes is significantly downregulated (P,0.05, t-test) in HPRT-deficient SH-SY5Y cells compared with wild-type cells. Figure 2B and C demonstrates results of the western blot analysis for the same genes and indicates that the reduced expression of these genes shown by qPCR assays is paralleled by reduced expression of the gene products. There is good correlation between qualitative (Fig. 2B ) and quantitative analyses (Fig. 2C ) of the western blots.
Over-expression of miR181a in SH-SY5Y cells
For further documentation of regulation of target genes En1, En2, Lmx1a and Brn2 by miR181a, we used retrovirus vectors to over-express GFP alone (vector MDH-PGK-GFP) or to co-express GFP and mR181a (vector MDH1-hmiR181a-PGK-GFP) in native SH-SY5Y cells. For further analysis, GFP-positive cells were enriched by fluorescenceactivated cells sorting (FACS), as described in Materials and Methods, to produce a population of GFP-positive cells of .99% homogeneity (data not presented). Figure 3A demonstrates that cells transduced with the vector MDH1-hmiR181a-PGK-GFP demonstrated a .10-fold increase in miR181a expression compared with cells transduced with the MDH1-PGK-GFP vector expressing GFP alone. SH-SY5Y cells over-expressing the transduced miR181a also showed a significant down-regulated expression of target genes En1, En2, Lmx1a, and Brn2, as measured by qPCR analysis (Fig. 3B , P , 0.05, t-test). To determine the functional consequences of transcriptional down-regulation of these miR181a target genes, we used western blot methods to determine the level of the protein products in SH-SY5Y cells over-expressing transduced miR181a. or co-expressing GFP and miR181a (MDH1-hmiR181a-PGK-GFP). Expression of En1, Lmx1a and Brn2 is markedly reduced qualitatively (Fig. 3C ) and quantitatively ( Fig. 3D ) in cells over-expressing miR181a from the vector MDH1-hmiR181a-PGK-GFP compared with the expression found in cells infected with the GFP-expressing vector MDH1-PGK-GFP.
Anti-miR181a inhibitor up-regulates En1, En2, Lmx1a and Brm2 gene expression To test the possible causal role of miR181a over-expression in down-regulating En1, En2, Lmx1a and Brn2 expression, we examined the effect of miR181a inhibition on the expression of En1, En2, Lmx1a and Brn2, using either a specific anti-miR181a inhibitor or the miR-ZIP TM lentivirus-based anti-microRNAs transduction (see Materials and Methods). Figure 4A demonstrates that exposure of cells to 20 mM of anti-miR181a results in a reduced expression of miR181a compared with the control inactive (scrambled) inhibitor and with an associated increased expression of the miR181a target genes En1, En2, Lmx1a and Brn2. Treatment of cells with the miR-ZIP lentivirusbased anti-microRNAs leads to enhanced protein expression of the miR181a target genes at both the mRNA and protein levels ( Fig. 4B-D ).
miR181a interacts with 3
′ UTR regions of En1/2 and Lmx1a
To determine whether the effect of miR181a is an authentic miRNA effect and is mediated by the expected miRNA mechanism of interaction with the 3 ′ UTR miRNA-binding sites of target genes, we used an established luciferase reporter assay to test the interaction of miR181a with luciferase-expressing plasmids containing exactly matched wild-type or mutated 3 ′ UTR En1/2 or Lmx1a-binding sites (Fig. 5A ). Luciferase plasmids pMIR-report-CMV-3 ′ UTR (Ambion) containing the exact or mutated 3
′ UTR-binding sites were co-transfected into HEK 293 cells with plasmid constructs expressing the retrovirus vectors MDH1-PGK-GFP or MDH1-hmir-181A-PGK-GFP (Fig. 5B ) or with anti-miR-control or anti-miR-181a (Fig. 5C ). Normalized luciferase expression was analyzed 48 h posttransfection. Results were analyzed by one-way ANOVA and post hoc Tukey t-tests. The bars in Figure 5B represent ratios of luciferase expression in cells transfected with MDH1-PGK-GFP (not expressing miR181a) to luciferases activity in cells transfected with MDH1-hmiR181a-PGK (expressing miR181a). Luciferase expression was reduced only in the case of transfection of authentic 3 ′ UTR-binding site sequences (EN or Lmx1a, filled bars) but not of a mutated 3 ′ UTR sequence (EN-mu or Lmx1a-mu, shaded bars). For both En1/2 and Lmx1a, luciferase expression is significantly reduced (filled bars) by miR181a expression in cells transfected with wild-type 3 ′ UTR sequences compared with plasmids 
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Human Molecular Genetics, 2012, Vol. 21, No. 3 containing mutated 3 ′ UTR sequences of En (ANOVA, P ¼ 0.03) and Lmx1a (ANOVA, P ¼ 0.02). In contrast, luciferase expression from both the En1/2 and Lmx1a constructs is increased (Fig. 5C ) in the presence of the control inactive miR181a En inhibitor (ANOVA P ¼ 0.04) and Lmx1a (ANOVA ¼ 0.02) (Ambion). We conclude from these data that miR181a acts on En1/2 and Lmx1a gene expression by interacting with the 3 ′ UTR binding sites of the genes, as expected for typical microRNAs.
HPRT-deficiency-induced dysregulation of miR181a is associated with aberrant expression of dopaminergic transcription factors
Lmx1a is necessary and sufficient for dopaminergic differentiation from neuronal precursor cells (34) . In addition, the Brn2 protein has been reported to act synergistically with proneuronal proteins such as Mash1 to regulate several facets of the neuro-developmental program (35) . We have previously demonstrated dysregulated Mash1 expression during in vitro neuronal differentiation of HPRT-deficient human embryonic carcinoma cells (11) . Because our current studies show that Lmx1a and Brn2, both potential targets for miR181a regulation, are down-regulated in HPRT-deficient SH-SY5Y cells in association with over-expression of miR181a, we examined the expression of several known functional partners of Lmx1a for dopaminergic neurogenesis, including Nurr1, PitX3 and Wnt-1 (36) and the putative functional partner of Brn2, MashI, in HPRT-deficient SH-SY5Y cells. We used qPCR methods and western blot analysis to estimate expression of these genes in HPRT-deficient SH-SY5Y cells. Figure 6A demonstrates that HPRT-deficient SH-SY5Y cells demonstrate a marked decrease in expression of Mash1, Nurr1, Pixt3 and Wnt1 (P , 0.05, t-test) compared with HPRT+ cells. The reduced protein expression of Mash1, Nurr1, Pixt3 and Wnt1 in HPRT-deficient SH-SY5Y cells was confirmed by western blot analysis (Fig. 6B ) and densitometric analysis of the western blot bands (Fig. 6C) . Error bars indicate triplicate measurements repeated once for each sample normalized to U6. The asterisk denotes significant difference between the samples (n ¼ 6, * P , 0.05, t-test). (B) qPCR determination of mean mRNA levels of putative miR181a target genes En1, En2, Lmx1a and Brn2 in cells expressing GFP alone (opened bars) and GFP together with miR181a (closed bars). Error bars represent +SEM of triplicate measurements repeated once of mean mRNA levels normalized to TBP. Asterisks denote significant differences (n ¼ 6, * P , 0.05, t-test). (C) Western blot analysis of the translation of En1, Lmx1a and Brn2 genes in cells infected with a retroviral vector MDH-PGK-GFP encoding GFP alone (left lane) and in cells infected with retroviral vector MDH1-hmiR181a-PGK-GFP co-expressing GFP and miR181a (right lane). (D) Densitometry analysis of the mean protein levels of En1/2 and Lmx1a in SH-SY5Y cells expressing GFP alone (opened bars) or GFP together with miR181a (closed bars). Samples were measured in triplicate and error bars represent +SEM and asterisks denote significance (n ¼ 3, * P , 0.05, t-test).
Aberrant expression of Lmx1a and Brn2 functional partners
To clarify the possible role of dysregulated miR181a expression in the aberrant expression of the dopaminergic developmental factors Mash1, Nurr1, Pitx3 and Wnt-1, we examined their expression in SH-SY5Y cells overexpressing miR181a after transduction with the miR181a-expressing retrovirus vector MDH1-hmiR181a-PGK-GFP co-expressing GFP and miR181a, with lentivirus miR-ZIP vectors expressing anti-miR181a inhibitor to knock down miR181a expression or with the control lentivirus miR-ZIP vector encoding an inactive scrambled anti-miR sequence. Gene expression was measured by western immunoblotting assays, with cells transduced with the GFP-expressing retroviral vector MDH-PGK-GFP serving as control. Figure 7A and B demonstrates reduced protein expression of Mash1, Nurr1, Pitx3 and Wnt-1 in cells over-expressing miR181a (GFP-miR181a) compared with control cells (CTL-GFP). Figure 7C and D illustrates western blots for Mash1, Nurr1, Pitx3 and Wnt-1 expression in SH-SY5Y cells infected with miR-ZIP vector expressing anti-miR181a compared with the control lentivirus containing the inactive inhibitor (CTL-Scramble) and shows qualitatively (panel C) and quantitatively increased levels (filled bars, Fig. 7D ) of all four proteins. These results support our working hypothesis that HPRT deficiency causes aberrant expression of the dopaminergic transcription factors LMX1a, En1/2 Mash1, Nurr1, Pixt3 and Wnt1 at least partly through dysregulated expression of miR181a.
miR181a expression in LND fibroblasts
With the evidence for miR181a aberration in the SH-SY5Y neuroblastoma cell culture model system for HPRT deficiency, we used qPCR analysis to re-examine the possibility of miR181a involvement in LND (Fig. 8) . We assayed miR181a expression in primary fibroblasts derived from six patients with the severe form of HPRT deficiency (LND), and six control patients (CTL) without HPRT deficiency. Figure 8 illustrates the miR181a expression in each of the two patient groups and demonstrates the variability of miR181a expression in cells derived from different LND patients. As tested by Student's t-test, miR181a expression in HPRT-deficient cells showed a non-significant relative elevation of 1.53 compared with control samples (P ¼ 0.3).
DISCUSSION
We and other groups have recently demonstrated that HPRT deficiency dysregulates the expression of a number transcription factors known to affect neuronal development (9 -11) . Because of the complex pleiotropic effects of HPRT 614
deficiency on genetic regulatory systems, we conjectured that such broad effects could at least partially reflect the effects of dysregulated miRNA expression since such mechanisms would represent efficient methods for coordinate regulation of such widespread genetic functions. Toward the goal of examining the potential role of microRNA expression in the HPRT-deficiency phenotype, we initially used microarray methods to examine the microRNA expression profile in fibroblasts derived from a patient with the classic LND phenotype compared with a normal human fibroblast control cell and found preliminary evidence for aberrant expression of a number of miRNAs, one of which (miR181a) was found by DAVID to have numerous potential target genes involved in neurodevelopmental pathways that characterize human HPRT deficiency. Although this result provided useful clues to the role of HPRT expression in miRNA expression, our initial studies of miR181a expression in fibroblasts from several classical LND patients, patients with variant HPRT-deficiency phenotype and normal patient controls established only a minimal up-regulation of miR181a in human LND fibroblasts (Fig. 8) , suggesting a more complex role of miR181a in HPRT deficiency in vivo in LND patients. Studies in primary human fibroblasts of neurodevelopmental genes are unlikely to illuminate many of the mechanisms relevant to neural development, and we therefore suggest that a clarification in model systems of the connections between purine metabolism, HPRT deficiency, miRNA metabolism and neural development would be important for an understanding of this puzzling neurological disorder and in development of more specific approaches to its treatment. ′ UTR miR-binding site sequences for En or Lmx1a (gray bars). Data were obtained from six independent measurements for each group and represent mean + SEM of the ratio of luciferase expression in cells transfected with MDH1-PGK-GFP to luciferases activity in cells transfected with MDH1-hmiR181a-PGK. The results for each group were compared by one-way ANOVA. The overall ANOVA was significant for the changes in luciferase activity for engrailed and Lmx1a (F ¼ 4.06, P ¼ 0.03 and F ¼ 4.54, P ¼ 0.02, respectively). Post hoc Tukey t-tests indicate significant difference for En-versus En-mutated (P ¼ 0.01) and Lmx1a-versus Lmx1a-mutated (P ¼ 0.02). The asterisks represent statistical significance (n ¼ 6). For both En and Lmx1a, luciferase activity is significantly reduced in cells transfected with wild-type 3 ′ UTR sequences (filled bars) but not after transfection with plasmids containing mutated 3 ′ UTR sequences (gray bars). (C) Mean luciferase activities in 293 cells transfected either with anti-miR181a-containing sequences complementary to miR181a or with scrambled anti-miR. As above, cells were super-transfected after 48 h with either the control luciferase plasmid pCMV-lux (CTL), pMIR plasmid containing native (closed bars) or mutated pMIR containing mutated 3 ′ UTR miR-binding site sequences for En or Lmx1a (gray bars). Luciferase expression is expressed as ratios of activity in cells transfected with the scrambled anti-miR181a compared with expression in cells transfected with anti miR181a. Statistical analysis was performed as in (B).
We therefore elected to examine a generally accepted model system for the study of dopamine-related neural defects in human neurodegenerative and neurodevelopmental disease; i.e. a more homogeneous population of HPRT-knockdown human SH-SY5Y neuroblastoma cells. Our current results present experimental evidence that the molecular, cellular and possibly the neurodevelopmental aberrations of HPRT deficiency are associated with aberrant microRNA expression and therefore suggest that miRNA dysregulation may play a role in the pathogenesis of LND. Although our results clearly point to miR181a as one such HPRT-regulated miRNA, it is likely that other miRNAs will also be found to play roles in a complex miRNA regulatory network that controls normal development of the neurotransmission pathways and that, in dysregulated form, contribute to the neurobehavioral phenotype in HPRT deficiency.
Because the degree of neurological dysfunction in HPRT-deficient LND patients is correlated with the degree of HPRT deficiency and because significant levels of residual HPRT enzyme activity protect against development of the neurological phenotype (37) , an efficient HPRT knockdown would be required to allow firm conclusions to be drawn relevant to CNS development in such an in vitro system. Fortunately, we have achieved a knockdown of .98% with the retrovirus-expressed shRNA targeted to HPRT (Fig. 1) , a change that leads to a significant over-expression of miR181a (Fig. 1) .
Concomitant with the miR181a dysregulation in HPRT-deficient cells is the aberrant expression of potential miR181a target genes that are known to play important roles in dopaminergic and general neurogenesis. By DAVID analysis of the potential targets of miR181a generated by TargetCombo and TargetScan, we have identified clusters and GO categories that are possible targets of miR181a and that can represent plausible candidate contributors to the aberrant neurogenesis and defective function of the dopamine pathways that underlie aspects of the abnormal neural phenotype of HPRT deficiency LND (34) (35) (36) (38) (39) (40) (41) (42) (43) . The presence of dysregulated miR181a target genes identified in the GO categories of developmental processes and nervous system development ( Table 2) is consistent with our working hypothesis that the In these studies, we have focused on the candidate genes En1, En2, Lmx1a and Brn2 because of their known role in dopaminergic neurogenesis and neural pathway development and because of the previous demonstrations from our laboratory and others that several of them are aberrantly expressed in HPRT deficiency (11, 12) in cell culture systems. Transcription factors En1, En2 and Lmx1a play important roles in early and late stages of the maturation and specification of dopaminergic neurons (34) (35) (36) (38) (39) (40) (41) (42) (43) . The transcription factors En1/2 influence the development of DA neurons from the early to the late stage of differentiation (42, 43) . Lmx1a belongs to the family of LIM homeodomain transcription factors expressed in early progenitors and induces down-stream transcription factors that are necessary and sufficient to drive development of dopaminergic neurons from neuronal precursor cells. Lmx1a is essential and sufficient for induction and specification of the maturation of DA neurons via this developmental pathway (34, 44, 45) . The transcription factor Brn2, unlike the other transcription factors cited above, is generally thought not to be implicated specifically in the development of DA neurons but rather belongs to a family of ATGCAAATbinding transcription factors that have a more general role in neurogenesis (35) . Interestingly, it has been recently reported that Brn2 is one of the three transcription factors needed for the direct trans-differentiation of fibroblasts to functional neurons (46) .
We present evidence that the four transcription factor genes En1, En2, Lmx1a and Brn2 are all down-regulated in HPRT-deficient SH-SY5Y (Fig. 2) . Interestingly, our present results with En1 and En2 dysregulated expression are not consistent with the results previously reported for MN9D cells, which described up-regulation of En1 and En2 in human LND fibroblasts and in HPRT-deficient MND9 mouse cells (12) . We have not yet established the reasons for this discrepancy, but one possibility is that different cell types-some such as dermal fibroblasts very distant from neural differentiation pathways and others such as SH-SY5Y neuroblastoma cells that retain the capacity for neuronal differentiation. We expect that HPRT deficiency may interact with the different differentiation programs very differently in such diverse cells.
Potential mechanisms for the probable causal rather than mere coincidental role of aberrant expression of miR181a in dysregulating expression of vital neural developmental transcription factor genes in HPRT-knockdown cells are suggested by the reduced expression of the Engrailed1/2, Lmx1a and Brn2 in response to over-expression of an exogenous retrovirally transduced miR181a in wild-type SH-SY5Y cells and by reversal of the effect by an anti-microRNA hairpin for miR181a (Fig. 4) . These results are consistent with a known regulatory effect of the miRNAs on the target genes, either by inhibiting translation or by degrading mRNA through the interaction with 3 ′ UTR miRNA-binding site in the target genes (16) (17) (18) (19) .
Since the transcription factors Lmx1a and Brn2 are potential targets of miR181a and are markedly down-regulated in HPRT-deficient SH-SY5Y cells, we hypothesized that their functional partners Wnt1, Nurr1, Pitx3 and Mash1 may also be dysregulated in HPRT deficiency. It has been reported that Lmx1a regulates Wnt1 expression during dopaminergic neuronal differentiation and that Lmx1a directly binds the promoter elements and regulates expression of Nurr1 and Pitx3 (36) . The transcription factor Brn2 has been shown to cooperate during neurogenesis with pro-neural basic helix-loop-helix transcription factors such as Mash 1 through Some of the target genes subsequently validated and analyzed for our studies are among the 47 genes in the GO term 'neuron development'.
cooperative binding of a conserved DNA motif (35) . Our present study demonstrates that HPRT deficiency in SH-SY5Y cells dysregulates expression of each of these secondary partners of Lmx1a and Brn2 and that overexpression of miR181a in SH-SY5Y cells leads to decreased protein expression of each of the Lmx1a and Brn2 downstream targets Nurr1 Wnt1, Pitx3 and Mash1. Conversely, as expected, miR181a knockdown leads to their increased protein expression (Fig. 7) . These data underscore the pleiotropic regulatory effects that a single dysregulated miRNA such miR181a can have directly or indirectly on key neurodevelopmental genes (Fig. 9) . We propose that HPRT-deficiency contributes to the regulation of dopaminergic neuron development and to the function in the mammalian CNS and that one of its principal mechanisms of action involves miRNA expression, including among others, dysregulation of miR181a. It also seems likely that the neurological phenotype caused by HPRT deficiency in the human at least partly reflects coordinated dysregulation of a number of miRNAs and transcription factor genes required for correct development of DA neurons and dopamine pathways. A detailed validation and understanding of targets of disparate miRNAs as well as the mechanism by which they bring about the dystonia and behavioral and the cognitive defects in LND awaits further study. There is still a paucity of detailed information on the role of miRNAs and their target transcription factors in the development and function of the CNS and in neuropathology, but the present study suggests that HPRT expression may be a valuable model system and offers clues to the role of miRNA expression in the development of the mammalian CNS and in the development of neurodegenerative and neurodevelopmental disorders. Finally, the surprisingly powerful role of the classical purine metabolic 'housekeeping' gene HPRT in regulating vital neuro-developmental and regulatory mechanisms at least partly through microRNA-mediated mechanisms may help to identify common pathogenic mechanisms in LND and other neurodevelopmental and neurodegenerative disorders. Finally, we propose that detailed understanding of microRNA expression in the HPRT-deficiency phenotype may point to useful modulators of these pathways that may find a place in treatment of this presently completely intractable disease.
MATERIALS AND METHODS
Primers for PCR assays
All PCR primers used in the following studies are listed in Supplementary Material, Table S1 .
Cells
Primary normal HDF cells obtained from ScienCell Research
Laboratories were grown to 70% confluence in DMEM high-glucose medium supplemented with 10% fetal bovine serum (FBS) and 50 mg/ml penicillin/streptomycin (Invitrogen, Carlsbad, CA) in 5% CO 2 atmosphere. Medium was changed every 2 -3 days. For miRNA studies, we selected additional human LND and control fibroblasts including 15 primary fibroblast cultures derived from 5 normal HPRT-negative patients and 10 HPRT-deficient patients exhibiting HPRT enzymatic activity ranging from undetectable to 50% residual enzyme activity. Human SH-SY5Y cells were obtained from ATCC and were maintained in a 1:1 mixture of minimum essential medium and F12 medium (Gibco, Carlsbad, CA, USA) containing 10% FBS and 50 mg/ml penicillin/streptomycin (Invitrogen, Carlsbad, CA) in 5% CO 2 atmosphere. Media were changed every 4 -7 days.
HPRT and luciferase small hairpin oligoneucleotides and knockdown vectors
The shRNA sequences against the luciferase and HPRT genes were selected and prepared as previously described (9) . VSV-G-pseudotyped retrovirus vectors expressing short hairpin oligonucleotides targeted against either HPRT (retrosh2hprt) or luciferase (retroshlux) were produced, isolated and titered on HT-1080 as previously described (47) . The hairpin oligonucleotides were cloned into RNAi-Ready pSIREN Moloney leukemia virus-based retrovirus vectors that express shRNA from the human U6 promoter (Clonetech, Mountain View, CA, USA). Virus packaging was carried out in the packaging cell line GP-293 co-transfected with Figure 9 . Schematic working model of the potential cascade of pleiotropic effects of HPRT deficiency and miR181a expression on key neurodevelopmental dopaminergic regulatory genes. We propose that HPRT deficiency causes an underlying purine aberration that in turn affects expression of a number of microRNAs, with particular emphasis in this study to miR181a. The aberrant expression of miR181a takes part in the downregulation of the expression of genes such as En1, En2, Lmx1a and Brn2, which, in turn, down-regulates expression of Lmx1a and Brn2 effector genes Nurr1, Pitx3, Wnt1 and Mash1. Our working model suggests that this cascade of defects leads to aberrant development of dopaminergic neurogenesis and defective development of dopaminergic signaling pathways in HPRT-deficient cells and may thereby contribute to the neuropathology of the HPRT-deficiency phenotype in LND.
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HPRT knockdown and selection of SH-SY5Y cells
SH-SY5Y cells were infected at a multiplicity of infection (MOI) of approximately 1 with the knockdown vectors retrosh2hprt or with control vector retroshlux. Infected cells were grown for 10 days in complete DMEM containing 3 mg/ml of puromycin. Bulk cultures were re-plated and maintained in DMEM without puromycin selection for an additional 7 days, after which cells were examined for HPRT expression by transfer to DMEM containing 250 mM 6-thioguanine (SIGMA). The cells infected with the HPRT-knockdown vector retrosh2hprt showed unimpeded growth and expansion in 6TG, whereas the control cells infected with retroshlux were unable to grow in 6-TG (data not shown). The HPRT-deficiency phenotype of the selected cells was confirmed using qPCR and western blot against HPRT (Fig. 1A & Fig. 1S ).
Total RNA isolation and qPCR analysis
Total RNA was isolated using PureLink TM RNA Mini Kit for control and HPRT-deficient cells, according to the manufacturer's instructions (Invitrogen). RNA quantity, quality and integrity were evaluated using the RNA 6000 Labchip Kit on the Agilent 2100 Bioanalyzer (Agilent Technologies). An amount of 500 ng of the resulting RNA was used for a reverse transcription reaction using Qiagen miScript Reverse Transcription Kit according to the manufacturer's instructions (Qiagen, Hilden Germany). The synthesized cDNA was then used for qPCR analysis using a Qiagen miScript kit which permits quantification of mature miRNA as well as mRNA from the same cDNA sample.
All PCR primers used in the following studies are listed in Supplementary Material, Table S1 . qPCR was carried out in the presence of primers (see Supplementary Material, Table S1 ) designed and prepared using the web-based software program, OligoPerfect (Invitrogen). PCR reactions were carried out twice in duplicate or triplicate, using the Opticon 2 system DNA engine (Bio-Rad, Hercules, CA, USA) in a total reaction volume of 20 ml in the presence of 200nM of each of the primers. Primers specific for the TATA box-binding protein (TBP) or the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as normalization controls. In order to verify the specificity of each amplicon, a melting curve analysis was included at the end of each run. PCR for microRNAs was carried out using U6 small RNA as an internal control. Differences of expression between control and knockdown groups were calculated by normalizing C t values of the test genes or miRNAs to the C t values of an endogenous control (U6 for miRNA and TBP or GAPDH for mRNA). The fold change or difference in mRNA expression was calculated using the equation 2 −DDC t (49) , or by normalizing all sample signals to signals corresponding to 100 ng of GAPDH, TBP or U6 RNA. PCR efficiency was verified for each PCR experiment by using normalization primers with serially diluted control cDNA. The statistical significance of variation of expression was assessed by comparing DC t of each group by one-way ANOVA or Student's t-test.
MicroRNA arrays and data analysis
Ncode TM human miRNA Microarray V3 (Invitrogen) was used for expression array analysis, using conditions recommended by the manufacturer (NCode human miRNA Microarray V3, http://invitrogen.com, catalog no. MIRH3-05). Briefly, this array consists of epoxide-coated glass slides, on which are printed 1073 probe sequences targeting all known mature miRNAs available in the miRbase Sequence Sanger database, Release 10.0 (http://microrna.sanger.ac.uk). The arrays also contain positive controls for hybridization validation using the multi-species miRNA array as well as Alexa Fluor Dye control probes for easy normalization of signal intensities and mismatch controls for screening 1 and 2 base sequence mismatched dye control. Each sample was processed in duplicate on arrays containing three sub-array replicates (n ¼ 6 for each microRNA measurement).
An amount of 0.5-5 mg of RNA was labeled using the NCode Rapid miRNA Labeling System, which makes use of Alexa Fluor labeling technology (NCode Rapid miRNA Labeling System, http://invitrogen.com, catalog no. MIRLSRPD-20). First, poly(A) tailing of total RNA was carried out in 10× miRNA reaction buffer containing 25 mM MnCl 2 , 0.1 mM ATP in the presence of poly(A) polymerase, and incubated at 378 for 15 min. Subsequently, ligation of poly-tailed RNA was carried out according to the manufacturer's instructions in a reaction mixture containing 6× Alexa Fluor ligation Mix (Cy3 or Cy5), NCode dye normalization control and the ligase enzyme. The ligation cocktail was incubated in light-free conditions at room temperature for 30 min. Ligations were terminated by adding the NCode stop solution at room temperature. Following ligation, the labeled miRNA as well as the appropriate controls was mixed in 2× enhanced hybridization buffer (Invitrogen), incubated for 658C for 10 min in the absence of light. The hybridization cocktail was then added to the array slide in the hybridization chamber (Corning) and the hybridization chamber was placed in an incubator at 528C overnight (8 -20 h) . Following hybridization, arrays were removed from the chamber and the slides were washed twice in 2× SSC, 0.2% SDS washing buffer at room temperature and once in 0.2 SSC washing buffer also at room temperature. The slides were subsequently dried by centrifugation for 4 min at 600g at room temperature and scanned within 30 min after the final wash to avoid photo-bleaching using Genepix 4000B Scanner (Molecular Devices).
MicroRNA expression was analyzed in control and experimental groups using the NCode profiler software tool (NCode Profiler User Guide, http://invitrogen.com). Scanned arrays in the GenePix format were imported into the NCode profiler in which only positive data are used by the profiler algorithms. The NCode profiler analysis output file was formatted according to the manufacturer's recommendations (NCode Profiler User Guide, http://invitrogen.com). Positive fold changes indicate increased expression in HPRT-deficient cells, whereas negative fold changes indicate increased expression in control cells. The P-values were determined by bootstrapping 
Preparation of miRNA-expressing retroviral vectors
The retroviral cassette MDH1-PGK-GFP for miRNA expression was a gift from C. Chen (School of Medicine, Stanford University) and has been previously described (52) . Briefly, the cassette MDH1-PGK-GFP contains the human H1 promoter for the RNA component of RNase P and a murine phosphoglycerate-kinase (PGK) promoter driving the expression of GFP. To produce the miR181a-expressing derivative (MDH1-hmiR181a-PGK-GFP), we amplified human genomic DNA (Promega) using the primers 5 ′ -TCTCGAGAATAAT CTCTGCACAGGGAAGAGA-3 ′ , and 5 ′ -TGAATTCTGAA ATGGCATAAAAATGCATAA-3 ′ followed by ligation into the Xho1 and EcoRI site of the MDH1-PGK-GFP retroviral cassette. The MDH1-PGK-GFP and MDH1-hmiR181a-PGK-GFP cassettes were used to produce VSV-G pseudotyped retrovirus vectors as published (47) .
Generation of anti-miRNA expression lentivirus
Plasmids expressing anti-miR181a lentivirus p-miR-ZIP as well as a control anti-Mir against a scrambled sequence were obtained from SBI System Biosciences (Mountain View, CA, USA). The details of miR-zip construct and design are described at www.Systembio.com/downloads/Ma nual_miRZip-081208_web.pdf. p-miR-ZIP lentivirus consists of anti-sense microRNAs stably expressing an RNAi hairpin that expresses anti-microRNA activity. VSV-G pseudotyped lentivirus HIV-1-based vectors expressing the anti-miR181a hairpin as well as the control anti-miR hairpin were prepared using HEK 293 T and were subjected to the established triple transduction protocol as previously described (47, 48) .
FACS analysis
Prior to qPCR or western immunoblotting, cells transfected to express GFP were subjected to FACS sorting to prepare highly enriched GFP-positive cells. Cells infected with the retrovirus MDH1-PGK-GFP and MDH1-hmiR181a-PGK-GFP were collected in 1× PBS buffer containing 1% FCS and 5 mM EDTA at the density of 2.5 × 10 6 cells per milliliter and sorted using BD FACSARIA TM II from (BD Biosciences). Enriched GFP-producing cells were subsequently used for qPCR and western blot analysis.
Western blotting
Cells were cultured, lysed in six-well plates and the extracts were obtained using RIPA buffer with a protease inhibitor mixture (Santa Cruz, Inc.) (50 mM Tris -Cl, pH 8, 150 mM NaCl, 0.5% of deoxycholate, 0.1% SDS, 2 mM EDTA, 1% aprotinin, 1 mM PMSF, 1 mM sodium orthovanadate). The cell lysates were centrifuged at 15 000g at 48C for 10 min. Protein concentration assays of supernatant were carried out by BCA assay (Pierce) and 10 -20 mg of the lysates were then separated by reducing tricine -SDS -PAGE and the separated protein bands were transferred onto polyvinylidene fluoride (PVDF) membrane (Invitrogen) using Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad). Blotted PVDF membranes were blocked by blocking solution containing 1% bovine serum albumin, 20 mM of Tris, 137 mM of NaCl and 0.1% of Tween-20 (Sigma-Aldrich) for 1 h at room temperature. Immunodetection of primary antibodies was carried out overnight in 48C, and signal amplification using horseradish peroxidase (HRP)-conjugated secondary antibody was performed at room temperature for 1 h. The chemiluminescence reagent, SuperSignal West Pico (Thermo Scientific, Rockford, IL, USA), was used signal amplification reagent. X-ray films were developed by SRX101A film processor (Konica Minolta, Motosu-shi, Gifu-ken). All primary and secondary antibodies were diluted in blocking solution. The primary polyclonal goat, mouse or rabbit antibody against HPRT, Mash1, Nurr1, Pitx3 Wnt1 and b-actin were all obtained from Santa Cruz, Inc. and used at a dilution ranging from 1:100 to 1:500. The secondary IgG antibodies against the corresponding primary antibodies were labeled with HRP (from Santa Cruz) and used at the dilution of 1:20 000. Western blot signal was quantified using densitometry ImageJ software according to the protocol published at http://openwetware.org/ wiki/Bitan:densitometry. Expression of b-actin was used as a loading normalization control.
MiR inhibition studies
SH-SY5Y or HEK 293 cells were cultured in 12-well dishes at 70% confluence, as described above, and transfected with 20 mM of a single-stranded (2 ′ -O-methyl)-modified nucleic acid anti-miRNA inhibitor of human miR181a using siPORT NeoFX transfection agent (Ambion). The equivalent amount of anti-miRNA inhibitor control (scramble) (20 mM) provided by the manufacturer was also used on SH-SY5Y cells as control. SH-SY5Y or HEK 293 cells cultured in 12-well dishes at 70% confluence were also infected with miR-ZIP, a lentivirus vector expressing a short hairpin targeted against miR181a or a scrambled control sequence at MOI of 1. After 48 h, transfected and infected cells were harvested by trypsinization and the RNA was extracted for qPCR and western blot analysis as mentioned above.
